A novel Gram-stain-negative, yellow-pigmented, catalase-and oxidase-positive, non-endospore-forming, flagellated bacterium, designated strain Yeonmyeong 2-22 T , was isolated from surface seawater of Geoje Island, Republic of Korea.
The genus Porphyrobacter (family Erythrobacteraceae, order Sphingomonadales, class Alphaproteobacteria, phylum Proteobacteria) was originally described by Fuerst et al. [1] . At the time of writing, this genus includes eight species with validly published names: Porphyrobacter neustonensis, Porphyrobacter tepidarius, Porphyrobacter sanguineus, Porphyrobacter cryptus, Porphyrobacter donghaensis, Porphyrobacter dokdonensis, Porphyrobacter colymbi and Porphyrobacter mercurialis, among which Porphyrobacter neustonensis is the type species of the genus (http://www. bacterio.net/porphyrobacter.html). The members of the genus Porphyrobacter have been isolated from various aquatic environments such as fresh water, hot spring water, seawater and swimming pool water [1] [2] [3] [4] [5] [6] [7] [8] . Members of the genus Porphyrobacter display various phenotypic characteristics and their colonies are red or orange [1] [2] [3] [4] [5] [6] [7] [8] .
Harmful algal blooms (red tides) are natural phenomena that are caused by massive proliferations of phytoplankton and have led to severe disruptions almost every year in marine ecosystems [9, 10] . Many reports revealed that algicidal bacteria could have potential as an effective killer of red tide organisms and might play an important role towards decreasing algal blooms [11, 12] . We have studied marine algicidal bacteria diversity associated with harmful algal blooms in the coastal region of Geoje, South Korea. In the course of an investigation of algicidal bacteria, a Porphyrobacter-like and alkaliphilic bacterium, named T , showed algicidal activities of 23, 86, 56, 33, 25 , 72 and 14 % against the seven harmful algal strains Cochlodinium polykrikoides, Chattonella marina, Heterosigma akashiwo, Scrippsiella trochoidea, Heterocapsa triquetra, Prorocentrum minimum and Skeletonema costatum, respectively [13] . Here we describe the novel, alkaliphilic, yellow-pigmented strain, designated Yeonmyeong 2-22 T , using a polyphasic taxonomic approach. On the basis of detailed phenotypic, genotypic, chemotaxonomic and phylogenetic characteristics, strain T was considered to represent a novel species of the genus Porphyrobacter.
Strain Yeonmyeong 2-22
T was isolated by the standard dilution-plating technique from a surface seawater sample. The sample was collected from a depth of 1 m using a Van Dorn sampler at Geoje Island in the South Sea (34 77¢ 86.20 † N 128 39¢ 2.73 † E), South of Korea. The sample was filtered through a 0.22 µm pore-size membrane filter (GF/F; Merck Milipore) and spread-plated on marine agar 2216 (MA; Difco). After incubation for 14 days at 25 C, a bacterial strain designated Yeonmyeong 2-22
T was obtained and then purified by repeated streaking on MA. The pure cultures obtained on MA agar were stored at 4 C for short-term maintenance and restreaked every 2 weeks. Before use, the strain was routinely cultivated by streaking on MA and incubating at 30 C for 72 h. For long-term maintenance, the cultures were preserved at À70 C in marine broth (MB) supplemented with 20 % (v/v) glycerol.
Genomic DNA was extracted from strain Yeonmyeong 2-22
T according to the method described by Doyle and Doyle [14] . The 16S rRNA gene was amplified from the cells by PCR with primers 27F and 1492R [15] . The purified PCR products were sequenced with an ABI PRISM BigDye Terminator cycle sequencing kit v.3.1 (Applied BioSystems) and an automated DNA sequencer (model 3730XL Genetic Analyzer; Applied BioSystems) at Macrogen. The almostcomplete 16S rRNA gene sequence of strain Yeonmyeong 2-22 T , comprising 1421 nt, was deposited in the GenBank database using sequin. Using the sequence, its closest relatives were found and identified using the EZBioCloud server (http://ezbiocloud.net/) [16] . This analysis indicated that strain T belonged to the genus Porphyrobacter and the highest 16S rRNA gene sequence similarities were found with Porphyrobacter dokdonensis DSW-74 T (97.23 %) [6] , followed by Porphyrobacter colymbi TPW-24 T (96.94 %) [7] , Porphyrobacter tepidarius OT3 T (96.94 %) [2] , Porphyrobacter neustonensis DSM 9434 T (96.94 %) [1] , Porphyrobacter donghaensis SW-132 T (96.87 %) [5] , Erythrobacter pelagi UST081027-248 T (96.80 %) [17] and Erythrobacter gaetbuli SW-161 T (96.73 %) [18] . Phylogenetic analysis was inferred by using the MEGA 6.0 software package [19] after multiple alignments of these sequences with the CLUSTAL X program [20] . The aligned sequences were then manually edited for gaps with the BioEdit sequence alignment editor application [21] and adjusted before reconstruction of phylogenetic trees. The trees were drawn using the neighbour-joining [22] , maximum-likelihood [23] and maximum-parsimony [24] methods. Distance matrices according to Kimura's two-parameter model [25] were determined and evaluated by using bootstrap analysis based on 1000 replications [26] . All three phylogenetic tree analyses, maximum-likelihood ( Fig. 1 Gram staining, spore formation and motility were tested as described by Beveridge et al. [27] . Cell morphology was inspected both under a light microscope (BX50; Olympus), and a transmission electron microscope (H-7650; Hitachi) using cells grown in the exponential phase at 30 C on MA (Fig. S1 , available in the online Supplementary Material). Colony morphology was described after incubation for 3 days on MA at 30 C. Motility was assessed using MA medium containing 0.4 % agar. Anaerobic growth was examined on MA incubated anaerobically in a jar with the GasPak Anaerobic System (Becton Dickinson) at 30 C for 10 days. Cells of strain Yeonmyeong 2-22
T were strictly aerobic, Gram-stain-negative, non-spore forming and motile by peritrichous flagella. Both light and electron microscopy analysis showed that cells of strain Yeonmyeong 2-22
T were Gram-negative and morphologically similar to other members of the genus Porphyrobacter. Cultures of strain Yeonmyeong 2-22
T produced circular, smooth, yellowish colonies that were 1 mm in diameter after incubation for 3-4 days under optimal growth conditions at 30 C on MA (Difco). Growth was investigated on various media including R2A agar (MB Cell), nutrient agar (NA; Oxoid), LuriaBertani (Oxoid) agar, tryptic soy agar (TSA; Oxoid), brain heart infusion (BHI; Difco) agar and MacConkey (MAC; Oxoid) agar. Growth was observed on R2A agar, NA, LuriaBertani agar, TSA and BHI agar but growth did not occur on MAC agar. Standard physiological and biochemical tests were performed according to the standard protocol as previously studied [28, 29] . The strain was tested for cytochrome oxidase activity by using a 1 % (w/v) solution of tetramethyl-p-phenylenediamine dihydrochloride (SigmaAldrich), and catalase activity was determined by the observation of bubble production after adding fresh cells to a drop of 3 % (v/v) hydrogen peroxide solution [30] . Cells of strain Yeonmyeong 2-22 T were positive for oxidase and catalase activity. To determine the optimal temperature and pH for growth, strain T was incubated at different temperatures ranging from 5 to 45 C (5, 10, 15, 20, 25, 28, 30, 32, 37, 40 and 45 C) on MA plates and at pH 3.0-10.0 (in 1 pH unit increments) in marine broth adjusted with 1 M HCl (for pH 3.0), 0.1M citrate/NaH 2 PO 4 buffer (for pH 4.0-5.0), 0.1 M phosphate buffer (for pH 6.0-7.0) and 0.2M Tris buffer (for pH 8.0-10.0). To determine the optimal NaCl concentration for growth, the strain was investigated in NaCl-free R2A broth (MB Cell) medium supplemented with NaCl concentrations of 0-10 % (w/v) at 1 % unit intervals. The novel isolate grew with up to 9 % (w/v) NaCl (optimum 0 %, w/v) and at temperatures of 10-40 C (optimum 30 C). The strain was alkaliphilic (optimum growth was close to pH 9.0). The experiments were performed and studied in triplicate at each temperature, pH and salinity. Indole and H 2 S production, methyl red and (hydrolysis of DNA) was assessed on DNase test agar (Oxoid) by flooding agar plates with 1 M hydrochloric acid. The result of the DNase assay on DNase test agar was negative. Other physiological and biochemical tests (carbon source utilization and enzyme activities) of strain Yeonmyeong T and the reference strains were performed using commercially available kits API 20E, API 20NE and API ZYM galleries (bioM erieux) following the manufacturer's instructions. Susceptibility to antibiotics was tested using the disc diffusion assay (Kirby-Bauer method) as described by Ruddell and Anselmo [31] on MA plates. Inhibition zones were observed and measured after incubation at 30 C for 3 days. Strain Yeonmyeong 2-22 T was found to be sensitive (µg per disc) to gentamicin (10), rifampicin (10), chloramphenicol (100), ampicillin (30), kanamycin (30) and neomycin (30) , and resistant to penicillin (10), streptomycin (10), nalidixic acid (30), cycloheximide (30) , sulfamethoxazole (30) , trimethoprim (30) , tetracycline (30) and novobiocin (30) . The detailed morphological, physiological and biochemical characteristics of strain Yeonmyeong T are given in the species description and are compared with other closely related species in Table 1 .
For the analysis of fatty acids, strain Yeonmyeong 2-22 T and the reference strains were cultured on MA plates at 30 C for 3 days. Biomass of all strains was harvested after the same growth phase (late log phase) and subjected to saponification and methylation, and were extracted using the standard MIDI protocol (Sherlock Microbial Identification System, version 6.0B). Analysis of fatty acids was performed with a gas chromatograph (HP 6890 Series GC [17] . All species are Gram-negative, positive for aesculin hydrolysis; alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, acid phosphatase, naphtol-AS-BI-phosphohydrolase and a-glucosidase activities; and utilization of D-glucose and maltose. All strains showed negative results for casein hydrolysis, utilization of citrate, reduction of nitrate, indole and H 2 S production; urease, lipase (C14), b-glucuronidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase activities; and assimilation of D-mannitol, N-acetylglucosamine, potassium gluconate, capric acid, trisodium citrate and phenylacetic acid. +, Positive; À, negative. Growth in R2A broth
Major fatty acids C 18 : 1 !7c, C 16 : 0 C 17 : 1 !6c, C 18 : 1 !7c System; Hewlett Packard) and the fatty acids were identified using the TSBA6 database of the Microbial Identification System [32] . The predominant cellular fatty acids detected in strain Yeonmyeong 2-22 T were summed feature 8 (C 18 : 1 !7c) (49.7 %), C 16 : 0 (12.0 %), 11-methyl C 18 : 1 !7c (11.5 %), C 14 : 0 2-OH (7.9 %), summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c) (5.1 %), C 18 : 1 !5c (4.1 %), C 17 : 1 !6c (4.0 %) and C 15 : 0 2-OH (1.2 %). The novel isolate has similar relative amounts of fatty acids to other members of the genus Porphyrobacter except P. dokdonensis [1, [3] [4] [5] [6] [7] . Strain Yeonmyeong 2-22 T could be differentiated from its neighbours by the presence of fatty acids 11-methyl C 18 : 1 !7c and C 19 : 0 cyclo !8c as a chemotaxonomic marker which could not be detected in other members of the genus Porphyrobacter. The detailed cellular fatty acid compositions of strain Yeonmyeong T and related members of the family Erythrobacteraceae are shown in Table 2 . For the analysis of respiratory quinones, strain Yeonmyeong 2-22
T was cultivated in marine broth 2216 at 30 C to mid-exponential phase and lyophilized. Isoprenoid quinones were extracted from freeze-dried cells according to the methods described previously [33] . The isoprenoid quinone analysis was performed after extraction with methanol-water [0.3 % aqueous sodium chloride] and petroleum ether at 70 C as described previously and analysis using HPLC [34] , with P. dokdonensis KCTC 12395
T as a reference. Ubiquinone-10 (Q-10) was detected as the principal respiratory quinone in strain Yeonmyeong T , which is in accordance with other members of the genus Porphyrobacter [5] [6] [7] . The polar lipids were analysed from freeze-dried cells as described by Minnikin et al. [33] . Appropriate detection reagents [33, 35] were used to visualize the spots: phosphomolybdic acid reagent, 5 % (w/v) solution in ethanol (Sigma-Aldrich) was used to detect total polar lipids; ninhydrin reagent [0.2 % (w/v) solution; Sigma Life Science] was used to detect amino lipids; Zinzadze reagent (molybdenum blue spray reagent, 1.3 %; Sigma Life Sciences) was used to detect phospholipids; and a-naphthol reagent was used to detect glycolipids. Strain Yeonmyeong 2-22
T contained phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylcholine and one unidentified polar lipid (L2) as the major polar lipids. Additionally, one unidentified phospholipid (PL1) and two unidentified lipids (L1 and L3) were detected (Fig. 2) . Glycolipid was not detected from strain T when sprayed with a-naphthol reagent. The major polar lipid profile of strain Yeonmyeong 2-22 T was similar to other members of the family Erythrobacteraceae [4, 8, 17] .
For DNA G+C content analysis, genomic DNA of strain Yeonmyeong 2-22 T was extracted with the cetyltrimethylammonium bromide (CTAB) method. Bacterial cells were lysed and proteins were removed by digestion with proteinase K. The remaining proteins, polysaccharides and cell debris were further precipitated with CTAB. Finally, DNA was recovered by adding 2-propanol [14] . The purity of genomic DNA was checked by electrophoresis and by measuring absorbance at A 280 /A 260 and A 230 /A 260 ratios using a MaestroNano spectrophotometer (MN-913; MaestroGen). Determination of G+C content was carried out in triplicate as described by Tamaoka and Komagata [36] and Mesbah et al. [37] . The nucleotide peaks were detected by HPLC analysis and the G+C content was calculated. The G+C conntent of genomic DNA of strain Yeonmyeong 2-22 T was 63.0 mol%, which was within the range (63.0-67.0 mol%), previously found for the recognized species of the genus Porphyrobacter [1] [2] [3] [4] [5] [6] [7] [8] . DNA-DNA hybridization was performed between strain Yeonmyeong 2-22 T and P. dokdonensis KCTC 12395
T according to the method described by Ezaki et al. [38] . Salmon sperm was used as the negative control and photobiotin was used as a probe to label DNA of strain T . The DNA-DNA relatedness values were determined fluorometrically in microplate wells using a 1420 Multilabel Counter (Perkin Elmer). Additionally, for reverse hybridization the reference strain was labeled with photobiotin and used as a probe to strain 
